Objectives. Using two-dimensional echocardiography, we sought to identify features that are associated with severe mitrai regurgitation after percutaneous mitral valvulotomy and combine them into a predictive score.
nent graded from 0 to 4 (total, 0 to 16). Intraobserver and interobserver variability for score assessment were 6% and 7%, respectively.
Results. The total mitral regurgitation echocardiographic score was significantly greater in the severe mitral regurgitation group (11.7 + 1.9 [mean + SD] vs. 8.0 -+ 1.2, p < 0.001). In addition, the component grades for the anterior leaflet (3.2 _+ 0.7 vs. 2.3 -+ 0.6, p < 0.001), commissures (2.6 -+ 0.7 vs. 1.6 + 0.6, p < 0.001) and subvalvular apparatus (3.2 _+ 0.6 vs. 2.3 + 0.7, p < 0.001) were also higher in the mitral regurgitation group. With a total score >10 as a cutoff point for predicting severe mitral regurgitation after percutaneous mitral valvulotomy, a sensitivity of 90 -+ 5% and a specificity of 97 + 3% were obtained. Stepwise logistic regression analysis identified the mitral regurgitation echocardio. graphic score as the only independent predictor for developing severe mitral regurgitation after percutaneons mitral valvulotomy (p < 0.0001).
Conclusions. This new mitral regurgitation echocardiographic score can predict the development of severe mitral regurgitation after percutaneons mitral valvulotomy and can be useful in the selection of patients for this technique.
(
J Am Coil Cardioi 1996;27:1225-31)
Percutaneous mitral valvulotomy is currently an accepted technique for the treatment of patients with mitral stenosis. The percutaneous mitral valvulotomy produces an increase in mitral valve area and a significant clinical improvement with an acceptable morbidity and mortality (1, 2) . However, severe mitral regurgitation remains as one of the most important complications of this technique, with an incidence between 1.4% and 19% (3, 4) . This complication confers an adverse prognosis and frequently requires intensive treatment and urgent mitral valve surgery (5) . Mild mitral regurgitation after percutaneous mitral valvulotomy occurs in 40% of patients undergoing percutaneouS mitral valvulotomy and is usually produced by commissural splitting (6) , the same mechanism as for the increase in mitral valve area with percutaneous mitral valvulotomy (7, 8) . In contrast, severe mitral regurgitation after percutaneous mitral valvulotomy is typically caused by leaflet rupture and less frequently by subvalvular apparatus damage including papillary muscle rupture (7) . There is controversy as to whether the type, number and size of balloons play a role in the development of severe mitral regurgitation (2,4,9-12), which does not appear to be a function of operator experience. Furthermore, although some morphologic features of the mitral valve might increase the risk of severe regurgitation, echocardiographic evaluation with the Wilkins mitral valve score (13) has been unable to predict it (4, 7, 13) .
The study of surgically excised mitral valves of patients who developed severe mitral regurgitation after percutaneous mitral valvulotomy has consistently shown three anatomic characteristics: heterogeneously thickened mitral valves with thick areas coexisting with thin or almost normal zones; severe and extensive fusion, thickening and foreshortening of the mitral subvalvular apparatus; and calcium in one or both commissures (14, 15) . Because cross-sectional echocardiography yields morphologic information regarding the mitral valve apparatus, it could potentially detect these features and predict the development of this complication.
Therefore, after we developed an echocardiographic score based on this previous anatomic information, we undertook the present study to test the feasibility of this score and to establish its clinical usefulness predicting patients who are prone to develop severe mitral regurgitation after percutaneous mitral valvulotomy.
Methods
Patient cohort. We studied 566 consecutive patients with rheumatic mitral stenosis who underwent percutaneous mitral valvulotomy in our institution since 1985 and classified them in a binary fashion into two groups according to the development of severe mitral regurgitation (mitral regurgitation ->3+ by angiography, according to the Sellers [16] criteria) after the procedure. Thirty-seven patients (6.5%) developed severe mitral regurgitation after valvulotomy. Six of them were excluded because there was no preprocedure echocardiogram available or it did not have sufficient quality for quantitative analysis, and the remaining 31 patients were the subject of this study. These patients were matched by age, gender, mitral valve area and degree of mitral regurgitation before percutaneous mitral valvulotomy with 31 patients selected randomly from the group of patients who did not develop severe mitral regurgitation after percutaneous mitral valvulotomy.
The percutaneous mitral valvulotomy technique. The percutaneous mitral valvulotomy was performed as previously published (1) . In summary, percutaneous mitral valvulotomy was performed through the right femoral vein using the anterograde transseptal approach. In two patients of the mitral regurgitation group, the Inoue technique was used, but the double-balloon technique was used in the rest. Effective balloon-dilating area was calculated by assuming continuity of the circumference surrounding the two separate balloons and was normalized by body surface area (cm2/m z) and mitral annulus diameter as measured on the echocardiogram (cm). Left ventriculography in the 45 ° right anterior oblique projection was performed in all patients before and after percutaneous mitral valvulotomy. Sellers criteria (17) were used to grade mitral regurgitation from 1+ to 4+. The development of severe mitral regurgitation following percutaneous mitral valvulotomy was defined as an increase of two or more grades in mitral regurgitation on the angiogram obtained immediately after the procedure, with a final degree of mitral regurgitation equal to 3+ or 4+. The total score is the sum of these echocardiographic features (maximum 16).
Two-dimensional echocardiographic study and mitral re. gurgitation echocardiographic score. Before percutaneous mitral valvulotomy, all patients underwent cross-sectional and Doppler studies with commercial equipment (Hewlett-Packard 77020A or Acuson 128 SX), with 2.5-and 3.0-MHz transducers, respectively. Standard planes were obtained from parasternal, apical, subcostal and suprasternal windows. The mitral subvalvular apparatus was carefully studied using modified parasternal long-axis, apical four-chamber and long-axis views. All studies were performed within a week of the percutaneous mitral valvulotomy. Mitral valve and subvalvular morphology was graded using the Wilkins score (13) by independent readers unaware of the outcome of the percutaneous mitral valvulotomy. The mitral annulus was measured in the apical four-chamber view in early to middiastole at the time of maximal mitral valve opening.
To analyze the effect of mitral valve morphology on the risk of developing severe mitral regurgitation, a new echocardiographic score was developed based on pathologic studies of valves that developed this complication (6, 11, 14, 15, 16) (Table  1 ). The mitral valve was studied in the parasternal short-axis view at the level of the tip of the mitral leaflets ( Fig. 1 and 2) , and the subvalvular apparatus in the parasternal and apical long-axis views. Prevalvulotomy echocardiograms were scored by two investigators who were unaware of the angiographic results. The degree and distribution (even or uneven) of leaflet thickening and calcification of the anterior and posterior leaflets were scored from 0 to 4 for each leaflet independently. Higher scores were assigned to uneven distribution of leaflet thickening, with the presence of thick and thin leaflet portions. The degree and symmetry of commissural fibrosis and calcification were also evaluated from 0 to 4, with higher scores given for severe symmetric calcification of both commissures and lower scores for mild fibrosis of one or both commissures. The degree of subvalvular disease was scored as in the Wilkins score (0 to 4). The total score, obtained by adding all four components, ranged from 0 to 16 points: a normal valve would be scored as 0, and a mitral valve with severe subvalvular thickening extending into the papillary muscles, severe calcification of both commissures and heterogeneous thickening of both leaflets would be scored as 16 .
The postvalvulotomy two-dimensional echocardiograms of the 31 patients who developed severe mitral regurgitation after percutaneous mitral valvulotomy were studied to explore the mechanisms of mitral regurgitation. In addition, the surgical Figure 2 . Echocardiographic short-axis view at the level of the mitral valve in a patient with unevenly thick leaflets and more advanced commissural disease who developed severe mitral regurgitation after percutaneous mitral valvulotomy. and pathologic reports of patients who underwent surgery for this complication were reviewed.
Statistical analysis. Data are presented as mean value _ SD. All data were tested for normality, and log transformation was performed when necessary. Paired and unpaired Student t tests were used with Bonferroni correction when appropriate. Nonparametric tests using medians were performed to compare nonparametric data. The frequency of events was compared by the chi-squared or Fisher exact test. Linear regression analysis was used to examine the relations among the individual components of the echocardiographic score. Multiple stepwise logistic regression analysis (17) was performed to determine the most important predictor(s) of developing severe mitral regurgitation. The variables examined were age, mitral valve area and severity of mitral regurgitation before valvotomy, effective balloon dilating area indexed by body surface area, Wilkins score and the score for mitral regurgitation (BMDP, release 7, 1992: stepwise entry of variables based on F values without forcing). Variability was expressed as the standard deviation of the differences divided by the mean value. Fifteen echocardiograms were scored blindly by two experienced readers to obtain interobserver variability. The same number of studies were scored blindly by the same reader on different days to obtain intraobserver variability.
Results
Baseline characteristics. Table 2 shows the baseline clinical characteristics of patients with severe mitral regurgitation and their matched partners. Similar gender distribution (28 women, 3 men), age, mitral valve area and degree of mitral regurgitation (matched variables) were observed in both groups of patients. No significant differences were observed in the effective balloon dilating area between patients with or without severe mitral regurgitation after percutaneous mitral valvulotomy.
Echocardiographic features. The echocardiographic features are shown in Table 3 . The total mitral regurgitation echocardiographic score was significantly higher (p < 0.001) in patients with (11.68 _+ 1.97) than in those without (8.00 -+ 1.24) severe mitral regurgitation following percutaneous mitral valvulotomy. The scores for the anterior mitral leaflet, commissures and subvalvular apparatus were also significantly higher in patients who developed this complication. No significant differences were noted in the score for the posterior leaflet. A significant difference (p < 0.001) was observed between the anterior and posterior leaflet scores in patients who developed severe mitral regurgitation. No differences were noted between the Wilkins scores of patients with and without severe mitral regurgitation following percutaneous mitral valvulotomy. Nine patients had a Wilkins score <8, and seven patients had a
Wilkins score of 8 in the study group (52%). The intraobserver and interobserver variability for the mitral regurgitation echocardiographic score were 6% and 7%, respectively.
With a total score ->10 used as a cutoff point for predicting severe mitral regurgitation after percutaneous mitral valvulot- Data presented are mean value (-SD) or number (%) of patients. BSA = body surface area; EBDA -effective balloon dilating area; MitAnn -mitral annulus; MR = mitral regurgitation; MVA = mitral valve area; NSR = normal sinus rhythm; PMV = percutaneous mitral valvutotomy.
omy, 28 true positive, 1 false positive, 30 true negatives and 3 false negatives were obtained. Accordingly, the sensitivity of the echocardiographic score for detecting patients with severe mitral regurgitation was 90% + 5%, its specificity was 97% _+ 3%, and its accuracy was 94% _+ 3%. The positive predictive value was 97% _+ 3%, and the negative predictive value was 91% _+ 5%. Sensitivity decreases and specificity increases as the echocardiographic score increases. With a cutoff point of 10, the best diagnostic accuracy was obtained (Fig. 3) . When the effect of the intraobserver variability in the classification of patients as high (->10) or low (<10) risk was considered for patients in the boundary area (9 to 11 points), eight false positives and four false negatives were obtained. Consequently, a sensitivity of 87% -+ 5%, a specificity of 74% _+ 7%, an accuracy of 81% __ 6%, a positive predictive value of 77% _+ 7%, and a negative predictive value of 85% __ 5%, were obtained.
The individual components of the mitral regurgitation echocardiographic score demonstrated a significant crosscorrelation, indicating that they tended to progress in the same patient. The Wilkins score tended toward, but did not reach, a significant correlation with the mitral regurgitation echocardiographic score (r = 0.35).
Stepwise logistic regression analysis (Table 4) showed that the mitral regurgitation echocardiographic score was the only independent predictor of the development of severe mitral regurgitation after percutaneous mitral valvulotomy (p < 0.0o01).
Observations regarding mechanism of severe mitral regurgitation. The mechanism of severe mitral regurgitation was identified by operation in 13 patients and suggested by echocardiography in 10 patients. In most of the patients who underwent mitral valve surgery (12 of 13, 92%), leaflet rupture was the mechanism responsible for severe mitral regurgitation. The anterior leaflet was involved in seven cases (54%), and the posterior leaflet in five (38%). In one patient, rupture of the posterior commissure into the mitral annulus was observed. By echocardiography, another seven patients not undergoing surgery showed evidence of a ruptured leaflet (anterior in six and posterior in one), and three more had prolapse of the anterior leaflet. In three patients, chordal rupture in addition to leaflet rupture was observed. In eight patients (25%), the mechanism responsible for severe mitral regurgitation could not be identified. In 85% of the patients who had leaflet rupture confirmed by surgery, the leaflet score of the corresponding leaflet was >-3, indicating uneven distribution of the disease.
Discussion
This study shows that an echocardiographic score for the mitral valve can predict the development of severe mitral regurgitation after percutaneous mitral valvulotomy. This score takes into account the distribution (even or uneven) of leaflet thickening and calcification, the degree and symmetry of commissural disease, and the severity of subvalvular disease. These factors have all been consistently found in patients Score cutoff points Figure 3 . Sensitivity, specificity and accuracy of the echocardiographic score for detecting patients with severe mitral regurgitation after percutaneous rnitral valvulotomy at several cutoff points. At a cutoff point of 10, the highest accuracy (90 _+ 3%) is obtained with a sensitivity of 90 _+ 5% and a specificity of 97 ± 3%. Sensitivity decreases and specificity increases as the echocardiographic score increases.
undergoing mitral valve surgery after developing severe mitral regurgitation after percutaneous mitral valvulotomy, and led to the design of the score. Morphologic features in severe mitral regurgitation after percutaneous mitral valvulotomy and mitral regurgitation echocardiographic score. Severe mitral regurgitation after percutaneous mitral valvulotomy is usually secondary to noncommissural tearing of the mitral leaflets (6), as shown in our study and reported with open mitral commissurotomy (18) . Studies of patients undergoing operation because of severe mitral regurgitation after percutaneous mitral valvulotomy have frequently shown heterogeneously thickened mitral leaflets, calcium in one or both commissures, and extensive thickening, fusion, and foreshortening of the subvalvular apparatus (15, 16, 19) .
Reifart et al. (20) dilated in vitro 15 excised mitral valves of patients who underwent mitral valve replacement for rheumatic mitral stenosis and found a 20% incidence of leaflet rupture. They noted that the leaflets ruptured through their less affected portions in valves with more commissura! disease and suggested that the development of severe mitral regurgitation after percutaneous mitral valvulotomy depends mainly on the distribution of morphologic changes rather than in their severity. Our data further support this hypothesis.
Although controversial, a significant subvalvular involvement appears to increase the risk of developing severe mitral regurgitation after percutaneous mitral valvulotomy in the anatomically predisposed patient (10, 20, 21) . Chen et al. (9) have previously reported a relation between the severity of subvalvular disease and the increase of mitral valve area after percutaneous mitral valvulotomy, but not with the development of severe mitral regurgitation. The presence of thickened, matted chordae tendineae may predispose to chordal rupture as opposed to leaflet tearing as the mechanism of regurgitation (22) . In contrast, Miche et al. (19) found that subvalvular calcification and fusion of the chordae tendineae led to splitting of the whole valve apparatus, involving chordae as well as anterior or posterior leaflets.
The multiple logistic regression analysis suggests that the combination of factors in the score, rather than any individual component, best predicts the risk of regurgitation.
Prediction of severe mitral regurgitation after percutane. ous mitral valvulotomy. Cross-sectional echocardiography provides morphologic information regarding the mitral valve that could potentially provide the data needed to stratify the risk for developing severe mitral regurgitation after percutaneous mitral valvulotomy. However, until now it has not been possible to predict this complication. Abascal et al. (10) did not find any correlation between the Wilkins score and the development of severe mitral regurgitation after percutaneous mitral valvulotomy and suggested that the worsening of regurgitation depends on very localized changes in specific portions of the valve. Our study demonstrates that these morphologic features are more easily recognized in the echocardiographic parasternal short-axis view.
The implementation of the proposed score can help predict the development of severe mitral regurgitation after percutaneous mitral valvulotomy. Its sensitivity and predictive value are sufficiently high to be clinically useful. Although a precise cutoff has been used to divide patients into low and high risk groups, the score must be considered as a continuum in which the higher the score, the greater the risk. With this approach, the cutoff (between 9 and 11 points) represents a transition Table 4 . Stepwise Logistic Regression Model
Step 0
Step 1 Tables 2 and 3. zone in which patients have increased risk but will not necessarily develop severe mitral regurgitation after percutaneous mitral valvulotomy. This is suggested by the nature of the score, in which the same total number can be obtained by adding several components in different combinations, and probably some combinations convey more risk than others. In addition, technical factors, such as balloon size, might be more important in producing mitral regurgitation in patients with one combination of individual components of the mitral regurgitation echocardiographic score (e.g., predominantly high subvalvular or valvular scores as opposed to a different combination with the same total score).
The stated results of Rodriguez et al. (12) initially seem to disagree with our findings. They did not find any significant correlation between symmetric or asymmetric commissural disease and the appearance of mitral regurgitation after percutaneous mitral valvulotomy. However, they included patients with any increase in the degree of mitral regurgitation and, in contrast with our study, did not address only patients with severe mitral regurgitation after percutaneous mitral valvulotomy. Of note, however, 8 of the 12 patients in that study who developed severe mitral regurgitation and all their patients who developed 4+ regurgitation after percutaneous mitral valvulotomy had symmetric involvement of both commissures. Therefore, when only severe mitral regurgitation after valvulotomy is addressed in that study, there is a clear tendency in their population as well for more symmetric involvement of the mitral commissures, in agreement with our data.
There is controversy regarding the effect of balloon size on the appearance of mitral regurgitation after percutaneous mitral valvulotomy (4, (9) (10) (11) 22) . A previous preliminary report suggested that the effective balloon dilating area normalized by body surface area was a predictor of an "undesirable" increase in mitral regurgitation after percutaneous mitral valvulotomy (23) . Balloon size appears to play some role in the development of severe mitral regurgitation in our patients, as suggested by the trend (p = 0.063) observed in the univariate analysis. However, this trend disappeared when the morphologic features of the mitral valve accounted for in the mitral regurgitation echocardiographic score were introduced in the regression model. Study limitations. The method proposed to evaluate the mitral valve by echocardiography is semiquantitative. Although a quantitative and more objective method might be more appealing, it is difficult to quantify the changes evaluated in this score by noninvasive methods. However, no accepted measures currently exist to quantify these anatomic changes. In fact, surgeons and pathologists also describe their findings largely qualitatively. In contrast, the simplicity of the method, similar to that of the Wilkins score, may facilitate its application in the clinical setting, and the observer variability is acceptably low.
The quality of the echocardiographic study is important to obtain the morphologic information regarding the mitral valve needed to apply the proposed score. However, the widespread application of the Wilkins score in the past 6 years has shown that in most patients with mitral stenosis, an echocardiogram of sufficient quality to study the mitral valve satisfactorily can be obtained.
The sensitivity, specificity and accuracy reported for the mitral regurgitation echocardiographic score with a cutoff at 10 must be regarded as upper limits because these parameters were computed from the same sample from which the model was built. In a different sample, and using the same cutoff of 10, the sensitivity, specificity, and accuracy would likely be lower than the values reported here. Some of the potential limitations of the mitral regurgitation echocardiographic score for predicting severe mitral regurgitation after percutaneous mitral valvulotomy have been already discussed.
Most of our patients underwent percutaneous mitral valvulotomy by the double-balloon technique, and, therefore, our conclusions are most applicable to this technique. When this procedure is performed using the Inoue balloon technique, chordal rupture for technical reasons is a frequent mechanism of severe mitral regurgitation (5) . Because this might happen even in patients with low score, the sensitivity of the mitral regurgitation echocardiographic score for detecting patients with increased risk of developing mitral regurgitation after percutaneous mitral valvulotomy may be lower with that technique. Further studies are needed to determine the role of the new score in patients undergoing percutaneous mitral valvulotomy with the Inoue technique.
Conclusions. From this study it can be concluded that echocardiography could identify patients with high risk of developing severe mitral regurgitation after percutaneous mitral valvulotomy using the proposed mitral regurgitation echocardiographic score. This new score can help assess the probability of this complication before the procedure to anticipate the likelihood that surgical repair may be needed. In addition, it could conceivably be used to select patients for modified procedures that might be developed to minimize this complication.
